Most of the ribosomal RNA genes of the yeast Saccharomyces cerevisiae are about 9 kilobases (kb) in size and encode both the 35S rRNA (processed to produce the 25S, 18S, and 5.8S species) and 5S rRNA. These genes are arranged in a single tandem array of 100 repeats. Below, we present evidence that at the centromere-distal end of this array is a tandem arrangement of a different type of rRNA gene. Each of these repeats is 3.6 kb in length and encodes a single 5S rRNA. The coding sequence of this gene is different fro-n that of the "normal" 5S gene in three positions located at the 3' end of the gene.
INTRODUCTION
In most eukaryotes, the genes encoding the large ribosomal RNA's are organized in clusters that are separated from the genes encoding the 5S rRNA's (summarized in ref. 1) . In the yeast Saccharomyces cerevisiae and the slime mold Dictyostelium, however, the coding sequences for the 5S genes alternate with those encoding the larger rRNA's. The yeast rRNA gene repeat is about 9 kb in size and has a relatively small amount of non-transcribed spacer (about 2 kb). The repeat has been mapped with restriction enzymes and the position and orientation of the rRNA transcripts within the repeat has been determined (2) (3) (4) (5) (6) . Most lab strains of yeast have rRNA genes that contain seven EcoRI fragments, labeled A through G in order of size (Figure la) .
There are about 100 rRNA genes per haploid yeast genome (7) . Most (and possibly all) of these genes are located in a single tandem array on yeast chromosome XII (8) . In an effort to identify and characterize the junctions between the rRNA gene cluster and other chromosomal sequences in the yeast strain A36*a, we analyzed a large collection of recombinant plasmids, looking for EcoRI restriction fragments composed partly of rRNA gene sequences and partly of non-ribosomal RNA gene sequences (9) . One of the plasmids isolated in this study, pYlrGll, contained two EcoRI fragments characteristic of the 9 kb repeat (fragments C and G) as well as a novel EcoRI fragment 32 that represented a fusion of rDNA fragment B with other chromosomal sequences. The structure of this plasmid and data obtained from Southern analyses of genomic DNA Since the 32 fragment from pYUrGll appeared to contain the junction between rDNA and other chromosomal sequences, a detailed restriction map of this fragment was made (9) . As indicated in Figure lb , a PstI restriction site divides the 32 fragment into two equal-sized segments. Restriction sites to the left of the PstI site are conserved between 32 and EcoRI B. Sites to the right of the PstI site are not conserved between the two fragments. In addition, sub-fragments prepared from the 32 fragment to the right of the PstI site fail to hybridize to any yeast rDNA fragment (9) . Since 32 hybridized to 5S rRNA, we suggested that the junction between the rDNA and other chromosomal sequences occurred near the 3 1 end of the 5S gene.
In addition to the plasmid pYlrGll, we previously described a recombinant bacteriophage XZ1 that contained junction-related sequences (9) . The XZ1 phage contained four EcoRI restriction fragments of yeast DNA. One of these fragments was approximately the same size as 32 from pYlrGll and hybridized strongly to 32 from pYlrGll. We suggested that this fragment was 32 cloned in a different chromosomal context and that the other EcoRI restriction fragments (K 2, L2, and M2) were located centramere-distal to 32. We show below that although 32 from pYllrGll contains regions of homology with 32 from XZl, these EcoRI fragments are not identical. Henceforth, we will refer to the 32 fragment of AZ1 as "32*". In addition, our realization of the difference between 32 and 32* has led to a different map of the junction between the rRNA genes and other chromosomal sequence from that described previously (9) . Below, we show that 32 represents the beginning of a cluster of four 3.6 kb repeats, each of which contains a single 5S rRNA gene. The 5S rRNA gene in the 3.6 kb repeats has three base pair changes relative to the "normal" 5S genes. Variant yeast 5S rRNA genes with the same three substitutions have also been observed in experiments done independently by Piper et al. (10) .
MATERIALS AND METHODS

Yeast and Bacterial Strains
Two haploid yeast strains were used in these studies, A364a (a adel ural Iys2 tyrl his7 ade2 gall) and 2262 (a Ieu2 his5 ly^ll adel ural gall). The diploid strain +D<» was constructed by mating A364a to 2262. The E. coli host for the recombinant plasmids was HB101 (11) . The E. coli host for the recombinant bacteriophage library was LE392 (12).
Recombinant Plasmid and Bacteriophage Banks
Three different clone banks were used in these studies. One recombinant plasmid bank was constructed by inserting shear fragments of DNA from the yeast strain +D*» into the EcoRI site of pMB9 (13) . The second plasmid bank was made by inserting Hindin-Sall fragments of DNA from the yeast strain A364a into a pBR322 vector treated with Hindlll and Sail. The ligated DNA molecules were then transformed into the E coli strain HB101. The recombinant bacteriophage bank (obtained from 3. Woolford, Carnegie Mellon University) was constructed by inserting partial EcoRI fragments of A36'»a DNA into a XCharon <>A vector.
Isolation and Sub-cloning of Yeast DNA Fragments Derived from the 3unction of the rRNA Gene Tandem Array.
The isolation of recombinant plasmids XZ1 and pYlrGll has been described previously (9) . The bacteriophage AZ1 contains an EcoRI restriction fragment, 32*, of 2.65 kb that has a single PstI restriction site. We sub-cloned the two Pstl-EcoRI fragments derived from 32* into the Pstl-EcoRI site of pBR322. These plasmids were called "pMMl" and "pMM2." As described below, the pMMl plasmid contains sequences that are unique to the junction of the rRNA genes with other chromosomal sequences.
The recombinant bacteriophage ADS16-14 was identified as a plaque that hybridized (1*) to P-labeled pMMl DNA. The recombinant plasmids pTPl-4 and pTP 12-32 were identified in the Hindlll-Sall plasmid bank by detecting bacterial colonies that hybridized (15) to 32 P-labeled pMMl DNA. After electrophoresis, the DNA fragments were transferred to nitrocellulose (17) and hybridized to ^2P-labeled pMMl DNA; the pMMl plasmid contains sequences homologous to both 32 and 32*.
Isolation and Southern Analysis of DNA Plasmid and bacteriophage DNA were isolated by standard techniques (16) . Yeast DNA was purified using CsCl gradients containing the fluorescent dye Hoechst 33258 (5).
For Southern analysis, the yeast DNA was treated with restriction enzymes (purchased from New England Biolabs and used with the buffers recommended by the manufacturers) and the resulting fragments separated by agarose gel electrophoresis. The concentration of agarose was varied in different experiments between 0.6% and 1%. Southern transfer procedures were standard (17) . The hybridization conditions have been described previously (9) .
DNA Labeling and Sequencing
The plasmid DNA molecules that were used as hybridization probes were labeled by nick translation (18) . For sequencing, the DNA fragments were labeled either at the 5 1 ends by using T4 polynucleotide kinase or at the 3' ends by using DNA polymerase (19) . Methods for strand separation, chemical modification of the DNA and gel electrophoresis of the modified molecules were those described by Maxam and Gilbert (19) .
RESULTS
Evidence that 32 of pYlrGll is not identical to 32* of AZ1. Three arguments indicate that 32 and 3* are not identical. First, there is a slight but reproducible difference in the electrophoretic mobility of these fragments in agarose gels ( Figure 2 ). The estimated size of 32 is 2.75 kb versus 2.65 kb for 32*. Second, a more detailed restriction map of XZ1 ( Figure 3 ) indicated that XZ1 had five EcoRI fragments of yeast DNA, 32*; two copies of K 2, and one copy of L2 and M2. Since 32* is flanked by K 2 fragments ( Figure 3 ) and 32 in pYlrGll is flanked on one side by the rDNA EcoRI G fragment, 32 and 32* cannot represent the same fragment. Third, from the maps shown in Figures 1 and 3 , it is clear that 32 and 32* do not have identical restriction sites.
To ensure that the observed differences between 32 and 32* were not cloning artifacts, we did two more types of experiments. First, we sub-cloned the 32* sequences as Pstl-EcoRI fragments in pBR322. The plasmid with the larger Pstl-EcoRI fragment (l.f kb) of 32* was called pMMl; the plasmid with the smaller fragment (1.25 kb) was called pMM2. The pMMl plasmid hybridized strongly to 32 from pYlrGll but
Figure it. Southern analysis of yeast genomic sequences that hybridize to the junction-specific plasmid pMMl. DNA from the strain A364a was treated with BglH, EcoRI or both enzymes and the resulting fragments separated on a 0.8% agarose gel. The fragments were transferred to nitrocellulose (17) and hybridized to "p-labeled pMMl DNA. Fragment sizes were determined by using EcoRI fragments of yeast ribosomal DNA as size standards (6).
pMM2 did not (data not shown). When pMMl is used as a hybridization probe to EcoRldigested genomic DNA from the yeast strain A364a, two bands of hybridization are detected, one at the position of 32 and one at the position of 32» (Figures 2 and <t) . The fragment at the position of 32* is cut by BgIII as expected from the restriction map of 32* (Figure 3 ). By densitometer tracings of the bands in Figure <*, we determined that hybridization at the 32* position was three times stronger than that observed for 32. This result suggests that either the homology between pMMl and 32* is considerably better than that between pMMl and 32 or that there are three times more copies of 32* than 32.
We also demonstrated that 32 and 32* were not likely to be cloning artifacts by re-isolating both types of sequences from a newly constructed recombinant plasmid collection made from A36<ta DNA. As described in detail in Materials and Methods, we treated A36<»a DNA with enzymes Hindin and Sail and inserted these fragments into HindlH-Sall treated pBR322. Of approximately 500 transformants examined, nine hybridized to the 32* sequences inserted in pMMl. Of these nine plasmids, seven had EcoRI fragments of the size of 32* and two (pTPl-<» and pTP12-32) had fragments the size of 32. DNA sequencing experiments which will be described below showed that the insert in pTPl-4 was identical to 32 in pYlrGll. Arrangement of 32 and 32* in the genome.
We re-examined the recombinant X bank containing A36*a DNA, looking for additional phage that hybridized to pMMl. In addition to A.Zl-like phage (containing EcoRI fragments 32*, K 2, L2, and M2), we found a recombinant phage ( XDS16-14) that had only 32* and K 2 EcoRI fragments. Since the Charen 4 A vector requires an insert of greater than 7 kb to produce a viable phage and since 32* and K 2 represent only 3.6 kb of DNA, we expected that XDS16-14 contained more than one copy of 32* and K2. Densitometer tracing of the bands representing 32*, K 2 and the X "arms" showed that XDS16-14 had three copies of both 32* and K 2. The restriction map of XOS16-14 is shown in Figure 5 .
A composite restriction map of the EcoRI fragments at the centromere-distal junction of the rRNA gene cluster of A364a is shown in Figure 6 . The only portion of the composite that is not formed by overlapping restriction maps derived from recombinant clones is the K 2 fragment shown as the junction between 32 and 32*. Several arguments indicate the presence of K 2 at this position. First, the sequences in pYlrGll that are centromere-distal to 32 hybridize to K 2. Second, when A36<»a DNA is treated with either Hindlll, Sail, EcoRI, Bglll-EcoRI or Xhol-Smal and hybridized to pMMl (which hybridizes to both 32 and 32*), bands are found at the expected positions (Figures 4 and 7) . In these figures, when there are two bands of hybridization, the dark band represents hybridization of pMMl to 32* and the light band shows the position of the single-copy 32 sequences. The correlation between the observed size of the DNA fragments and the expected sizes based on the composite map of Figure 6 is shown in Table 1 .
It is important to point out that the arrangement of sequences shown in Figure 6 was obtained by analysis of a single yeast strain, A364a. It does not, therefore, necessarily represent an arrangement that will be found in all S. cerevisiae strains. In particular, we previously showed that sequences from J2 centromere-distal to the Pst I site were not present in the yeast strain 2262 (9) . In crosses between A36*a and 2262, we found that the 32 sequences segregated 2:2 (two spores have the 32 sequences and two do not) and that the 32 sequences co-segregated with the rRNA gene cluster derived from A364a (9) . Since the sequences from the centromere-distal portion of 32 also hybridize to 32», the 2:2 segregation of these sequences indicates that 32 and 32* fragments are tightly linked in a genetic as well as a physical sense. Table 1 . Comparison between the predicted and observed sizes of A364a genomic DNA fragments that hybridize to the pMMl plasmid. The predicted sizes are based on restriction maps of cloned fragments as summarized in Figure 6 . The observed sizes are based on a Southern analysis of A364a DNA. Since the pMMl plasmid hybridizes to both 32 and 32* sequences, for most digests, two bands of hybridization are expected, a weak band (corresponding to the single-copy 32 sequences) and a strong band (corresponding to the multi-copy 32* sequences). Thus, at the end of the cluster of 9 kb ribosomal RNA genes, there is a small cluster of 3.6 kb repeats. We discuss below DNA sequence analysis that indicates each of these repeats contains a variant 5S rRNA gene. We call the 3.6 kb repeats, the VAR 5S repeats (VAR denoting variant).
Restriction enzyme(s)
Three regions of DNA were sequenced in these studies, the 5S rRNA coding sequences derived from 32, 32*, and L2. Data for each class of sequence will be discussed separately below.
Sequence Analysis of 32.
We found that a single 496 bp TaqI fragment derived from 32 hybridized to Plabeled 5S rRNA (data not shown). This fragment was sequenced in both strands ( Figure   8 ). The DNA sequences upstream of the 5S coding sequences in 32 are very similar to those upstream of the 5S gene in the 9 kb repeat (20) . Only 7 differences were detected in 216 bp. These differences are not likely to be specific to 32 since we have found the same differences between a 9 kb repeat derived from the yeast strain 2262 and the strain used by Valenzuela et al. (unpublished data). We also sequenced the DNA from the region upstream of the 5S gene of the 32 fragment of pTPl-4. This sequence was identical to that shown in Figure 8 . (20) . Identity between the sequences is indicated by a continuous thin line, divergence is indicated by depicting both sequences and a deletion is indicated by a short thick line. The 5S rRNA coding sequences are enclosed in a box. Both strands were sequenced.
The 5S coding sequences in 32 are the same as those in the 9 kb repeat for the first 117 bp. Of the last four bp, three are different. These differences produce a PstI V AR restriction site that is a convenient indication of the 5S gene. Downstream of the 3S coding sequences, there is a tract of 10 Vs rather than the usual tract of 22 Vs (ref. repeat. Thus, the breakpoint between the 9 kb repeats and the 3.6 kb 5S repeats is at the end of the 5S rRNA gene.
Sequence Analysis of 3S Gene in 32*. In order to sequence the 55 gene in 32», we analyzed the sequences of the plasmids pMMl and pMM2. In Figure 9 , we show the coding sequences of the 5S gene 32* and those of XgtE83. The 5S coding sequences were identical in 32* and AgtE83. The small number of sequence differences located outside the coding sequences could reflect either strain-specific differences (since different yeast strains were used as a source of DNA for the recombinant clones) or heterogeneity between different 32* repeats within a strain.
Sequence Analysis of the 5S rRNA Gene of L2. The L2 EcoRI fragment of AZ1 hybridized to 5S rRNA but did not contain a PstI site. It was clear, therefore, that this fragment did not contain a 55 gene identical to those in 32 and 32*. Sequence analysis of L2 (summarized in Figure 10 ) indicated that the 5S coding sequence was identical to that of the 9 kb repeat. The upstream sequences were very similar to those of 32* (39 of ' tO bp were identical, one potential difference was an ambiguous base in L2). The sequences found downstream of the 5S gene in L2 had no obvious homology to the downstream sequences of 32, 32* or the 9 kb repeat.
Piper e_t al (10) did a sequence analysis of a recombinant bacteriophage ( AgtF9) that hybridized to yeast 5S rRNA and had an EcoRI restriction fragment similar to L2. In comparing the sequences extending from <»0 bp upstream of the coding sequence to 2^0 bp downstream of the coding sequence, at most a single difference exists between In examining the junction between the 9 kb tandem array with the 3.6 kb tandem array and the junction between the 3.6 kb tandem array and other chromosomal sequences, we observed that these junctions occur very close to the end of the 5S rRNA coding sequences. Before discussing mechanisms for the evolution of the clusters that are consistent with these junctions, we will summarize the important features of the organization of these DNA sequences: 1) the junction between the 9 kb repeats and the 3.6 kb repeats (represented by the 32 fragment) occurs within the 5S gene; the 5S rRNA VAR gene at this junction is a 5S gene, 2) the end of the 9 kb repeat tandem array represents the beginning of an array of four 3.6 kb repeats, 3) all of the 3.6 kb repeats contain a 5S AR gene except the last repeat in the array; the last repeat has a 5S rRNA gene identical to that found in the 9 kb repeats and *0 the breakpoint between the end of the 3.6 kb repeat tandem array and other chromosomal sequences occurs immediately after the poly A tract found at the end of the 5S rRNA gene.
This particular arrangement of sequences can be explained as a two step process; the first creating the 9 kb rRNA gene cluster, the second forming the 3.6 kb gene cluster ( Figure 11 ). We suggest that the 9 kb gene cluster may have originated as the result of integrating an extrachromosomal 9 kb rDNA repeat; extrachromosomal ribosomal RNA genes are fairly common in lower eukaryotes (21) . To explain the position of the junction, we suggest that the integration event involved homologous recombination between the poly A tract at the end of the 5S gene of the extrachromosomal 9 kb plasmid and a pre-existing chromosomal poly A tract. After insertion of the first 9 kb repeat, repeated integrations of other plasmids would expand the array without changing the original junctions. Unequal recombination between 9 kb tandem arrays could also lead to expansion.
We suggest that the creation of the 3.6 kb repeat cluster may be the result of a second similar type of integration (Figure lib) . In this case, the extrachromosomal plasmid is 3.6 kb in size and contains all sequences that are present in 32* and K 2, including the 5S VAI * gene. The integration event is a homologous recombination between the 5S R gene on the plasmid and the terminal 5S gene of the 9 kb tandem VAR array. If this recombination event occurs centromere-proximal to the 5S -specific changes at the 3' end of the gene, then a variant 5S VAR gene would be the junction between the 9 kb and 3.6 kb repeats and a normal 5S gene would be the junction between the 3.6 kb repeats and other chromosomal sequences. Repeated subsequent integration events of 3.6 kb plasmids would expand the array without changing these junctions. Thus, the mechanisms shown in Figure 11 are consistent with the sequence arrangements summarized in Figure 6 . One obvious question concerning the events described in Figure 11 is the source of the 3.6 kb extrachromosomal repeats. One possibility is that such plasmids were introduced in the lab strains from non-S. cerevisiae species during crosses done in the early days of yeast genetics (22) . In this connection, it should be stressed that although the 3.6 kb sequences are found in some lab strains, such as A364a and X2180-1B (10), these sequences are not present in all lab strains (9) .
There are at least two other mechanisms that could generate the tandem array of 3.6 kb repeats. Childs et al. (23) observed that some eukaryotic genomes contain solitary dispersed repeats ("orphons") derived from tandemly arranged families of repeats. They proposed that orphons might arise by a mechanism similar to prokaryotic transposition events. Since the 3.6 kb repeats are contiguous to the 9 kb repeats, we believe that it is unlikely that this type of transposition is involved. A second possible explanation for the origin of the 3.6 kb repeats is that these repeats represent degenerate forms of the 9 kb repeats. Since it is difficult to understand why the 5S rRNA coding sequences are well conserved and the non-coding sequences completely diverged, we do not favor this explanation.
Since some lab strains do not contain the 3.6 kb repeats, these sequences are unlikely to serve some indispensable function in the yeast cell. It appears, however, that the 5S genes are expressed. Piper et al. (10) found that about 5% of the 5S rRNA isolated from vegetative cells of the yeast strains A364a and X2180-1B had the ribonuclease Tl fingerprint expected for 5S
rRNA. In addition, Piper et aK (10) and D. Brow and E. P. Geiduschek (personal communication) have preliminary evidence VAR indicating that some of the 5S genes can be efficiently transcribed by RNA VAR polymerase III iri vitro. It seems likely that if the 5S genes are transcribed, the VAR 5S RNA is functional since the observed changes at the 3' end should still allow the formation of a terminal stem (2<f).
